Megacystis-microcolon-intestinal hypoperistalsis syndrome (MMIHS) is a severe disease characterized by functional obstruction in the urinary and gastrointestinal tract. The molecular basis of this condition started to be defined recently, and the genes related to the syndrome (ACTG2-heterozygous variant in sporadic cases; and MYH11 (myosin heavy chain 11), LMOD1 (leiomodin 1) and MYLK (myosin light chain (MLC) kinase)-autosomal recessive inheritance), encode proteins involved in the smooth muscle contraction, supporting a myopathic basis for the disease. In the present article, we described a family with two affected siblings with MMIHS born to consanguineous parents and the molecular investigation performed to define the genetic etiology. Previous whole exome sequencing of the affected child and parents did not identify a candidate gene for the disease in this family, but now we present a reanalysis of the data that led to the identification of a homozygous deletion encompassing the last exon of MYL9 (myosin regulatory light chain 9) in the affected individual. MYL9 gene encodes a regulatory myosin MLC and the phosphorylation of this protein is a crucial step in the contraction process of smooth muscle cell. Despite the absence of human or animal phenotype related to MYL9, a cause-effect relationship between MYL9 and the MMIHS seems biologically plausible. The present study reveals a strong candidate gene for autosomal recessive forms of MMIHS, expanding the molecular basis of this disease and reinforces the myopathic basis of this condition.
Introduction
Megacystis-microcolon-intestinal hypoperistalsis syndrome (MMIHS) was initially described by Berdon et al. [1] and is characterized by a functional obstruction in the urinary and gastrointestinal tract [2] . Although the three main features of this syndrome (megacystis, microcolon, and intestinal hypoperistalsis) are often described in affected individuals, there are accumulated evidence that while gastrointestinal dysfunction seems to be usually present, microcolon does not appear to be an obligatory finding [3] . The etiology of this condition is heterogeneous and has started to be defined in recent years [4] [5] [6] [7] [8] . Most of the cases are sporadic and caused by de novo heterozygous variants in ACTG2 (gamma-2 actin) [4, 5] . However, for many years, the occurrence of MMIHS in the offspring of consanguineous parents and/or the recurrence in siblings of healthy parents lent support to the hypothesis of autosomal recessive (AR) inheritance [9] . Indeed, more recently homozygous variants in MYH11 (myosin heavy chain (MHC) 11), as well as in LMOD1 (leiomodin 1) and MYLK (MLC kinase) were found in some patients with this condition proving the AR inheritance pattern [6] [7] [8] . These four genes related to MMIHS encode proteins involved in smooth muscle contraction, supporting a myopathic basis for the disease.
Here, we present a consanguineous family with two affected children and whose molecular investigation has led to the identification of a homozygous deletion in a novel gene, MYL9 (myosin regulatory light chain 9), which is also associated with the smooth muscle contraction.
Subjects and methods
The present study was approved by both National Committee for Ethics in Research-CONEP (protocol number 25031514.8.0000.5404) and Johns Hopkins Medicine Institutional Review Board. Written informed consent was provided by the parents on behalf of themselves and their children.
We have performed the molecular investigation of a consanguineous family with two siblings with MMIHS, who were negative for relevant alterations on whole exome sequencing (WES) in the initial analysis [3] . Due to the absence of suitable DNA of the first child (a male infant), the molecular tests were performed only in his sister (the proband) and their parents. The DNA from the brother had been obtained from formalin-fixed paraffin-embedded tissue; however, it was inappropriate for WES, as well as for the other analysis due to its degradation. The new approach used for the reanalysis of the WES data, as well as the additional molecular investigation necessary for characterizing the candidate gene, are summarized as follows.
Whole exome sequencing
Genomic DNA was extracted from the peripheral blood of the proband, mother and father. The protocol for WES is described elsewhere [3] . The data were analyzed prioritizing homozygous deletions. This analysis was performed using the WES data from 790 samples sequenced as part of the Baylor-Hopkins Center for Mendelian Genomics, including this family. We used the Depth of Coverage (DOC) as After that, the reference sequence (flanking region-black box) is replaced by amplicon sequence which align from coordinate chr20: g.36555708 to chr20:g.36556186 (flanking region-green box II) calculated by GATK rescuing only the high-quality reads (minimum mapping quality score of 20). The SAS software was used to calculate the average DOC across all samples for each target region, as well as the number of regions overall and within families that had an average coverage of zero (DOC = 0). We prioritized target regions that presented DOC = 0 that were unique to the studied family.
Additional molecular investigation
To follow up the exome reanalysis, the proband was submitted to chromosomal microarray analysis (CMA), using the CytoScan ® HD Array kit (Affymetrix Inc., Santa Clara, CA, USA), according to the manufacturer's instructions. In addition, Sanger sequencing was performed in order to confirm and precisely define the boundaries of the variant identified in the candidate gene. Details regarding Sanger sequencing are described in the supplementary information (SI-1). Primers were designed based on the chromosome 20 sequence defined by GRCh38 genome reference. The variant was described using NC_000020.11 as a reference sequence. The ENST reference sequence was used to identify the transcripts of the candidate gene.
The variant information and phenotype have been submitted to the public database ClinVar (patient ID SCV000598634; https://www.ncbi.nlm.nih.gov/clinvar/).
Results
The studied family (Fig. 1a) was previously described in detail [3] . As with her brother, the proband described here manifested the first symptoms during the prenatal period (hydronephrosis and megacystis). Further investigation demonstrated that she had the classical triad of MMIHSmegacystis, microcolon, and intestinal hypoperistalsis, plus congenital mild mydriasis with pupils slightly reactive to the light reflex. This child was followed up to 6 months of age, when she was transferred to another country in order to attempt multi-visceral transplantation. Unfortunately, pupillary response could not be evaluated in her brother.
Reanalyzing WES data, two unique regions with DOC = 0 were identified. Using the Integrative Genomics Viewer software, only a deletion of exon 4 in MYL9 gene (ENST00000279022.6) was considered a true variant. For this target, no reads were identified in exon 4 of the proband, while for both parents a significant reduction in the number of reads was mapped to this region (Fig. 1b) . This finding is consistent with a homozygous deletion in exon 4 of MYL9 gene that was inherited from the heterozygous parents. In an attempt to validate the deletion identified by WES, we performed PCR followed by Sanger sequencing of the coding exons (2, 3, and 4) of MYL9. Amplification of exons 2 and 3 of MYL9 was observed in the patient, parents, and in a control subject. However, PCR failed to amplify exon 4 in the patient (Fig. 1c) , reinforcing the hypothesis of Fig. 2 Strategy used to define the breakpoints of the deletion encompassing the last exon of MYL9 gene (exon 4) 5′-region: primers named 1F and 1R (blue arrows) were designed to anneal in a genomic region upstream from the last probe detected by CytoScan ® HD array. The subsequent primer pairs (2F and 2R-red arrows; 3F and 3R-yellow arrows) were designed toward the deleted region (2F is complementary and reverse to 1R, 3F is complementary and reverse to 2R); 3′-region: primers named as 6F and 6R (gray arrows) were designed to anneal in a genomic region downstream from the first probe detected by CytoScan ® HD array. The primers pairs named 4F and 4R (orange arrows) and 5F and 5R (green arrows) were designed toward the deleted region (4R is complementary and reverse to 5F, 5R is complementary and reverse to 6F). PCR amplification occurred for all primer pairs in the control individual. No PCR amplification was observed using 2F-2R, 3F-3R, 4F-4R and 5F-5R primers in the patient sample; however, PCR was successful for primers 1F-1R and 6F-6R (not shown). Amplicon containing the deleted region was obtained using primers 2F and 5R. This amplicon was submitted to Sanger sequencing. F forward primer, R reverse primer homozygous deletion of this exon. To better define the breakpoints of the deletion, the patient's DNA was submitted to CMA that revealed a 7.7 kb deletion. This deletion spans a genomic region from normal probe profile in the beginning of intron 3 of MYL9 (g.36,548,287) to the intergenic region (g.36,556,729). Thereafter, we used the genomic coordinates from a range between the first and the last non-deleted probes that were localized in the boundaries of the deleted region to design primers with a view to determining the exact length of the deletion and its breakpoints. The sequential PCR strategy (Fig. 2) showed that PCR amplification occurred for all primer pairs in a control subject. However, PCR failed to amplify the fragments from primer pairs 2F-2R, 3F-3R, 4F-4R, 5F-5R and was normal for primers 1F-1R and 6F-6R in the patient. A 954-bp PCR product was amplified in the patient using the 2F-5R primer pair (Fig. 1d) . The sequencing of this amplicon led to an accurate characterization of the deletion: chr20:g.36548744_36555707del). It starts in intron 3 and includes the whole of exon 4 and part of the intergenic region (to 4260 bp downstream to the 3′-untranslated region (UTR) extremity of MYL9 gene), encompassing a total of 6964 bp (Fig. 1e) . The heterozygous state of this deletion in both parents was demonstrated as follows. The exon 4 was demonstrated by WES and PCR (Figs. 1b, c ) in one allele, while the deletion of the other allele was confirmed by the amplification and sequencing of the fragment obtained from 2F-5R primer pair (Figs. 1d, e) . Unfortunately, it was not possible to demonstrate the homozygous deletion in the affected brother of the proband. Due to DNA degradation, the PCR did not amplify the fragment encompassing the deletion. This deletion is predicted to disrupt the formation of an intracellular protein, that is, an isoform of the regulatory MLC, which plays a crucial role in the complex system that regulates the contraction of smooth muscle (Fig. 3) . Therefore, this deletion seems biologically plausible, that is, it suggests a cause-effect relationship between MYL9 and the MMIHS.
Discussion
MMIHS is a disorder characterized by severe dysmotility in both the gastrointestinal and urinary tracts, and was previously related to heterozygous variants in ACTG2 in sporadic cases [4, 5] , and with homozygous variants in MYH11, LMOD1, and MYLK in children born to consanguineous parents [6] [7] [8] . However, despite advances in the molecular investigation, some cases remain without an etiological definition [5, 10] . In the present article, we report a family with two affected siblings with MMIHS carrying a homozygous deletion of the last exon of MYL9.
The contractile apparatus of smooth muscle is constituted by different components, with actin and myosin being the major contractile proteins [11] . Myosin class II is an isoform present in smooth muscle and is constituted by two MHCs and four MLCs. These latter are composed of two regulatory chains and two essential or non-phosphorylatable chains. Each MHC binds to a pair of MLC (one regulatory MLC and one essential MLC) [11] . The phosphorylation of the regulatory MLC is a crucial step in the contraction process because it increases the ATPase activity of MHC, enhancing the interaction between actin and myosin and promoting muscle contraction [12] . The phosphorylation of the regulatory MLC is mediated by the myosin light chain kinase, a calcium/calmodulin-dependent enzyme, which is balanced by the action of the myosin light chain phosphatase that dephosphorylates the protein [11] .
The regulatory MLC of smooth muscle is encoded by MYL9, also named MLC2 [13] . This gene is located on chromosome 20q11.23 (g.36,541,484-36,551,447) and encodes two transcripts (ENST00000279022.6 and ENST00000346786.2). The longer transcript has three coding exons, while the shorter has only two coding exons, giving proteins with 172 and 118 amino acids, respectively. The deletion identified in the patient with MMIHS reported here removes the last exon from both transcripts, likely disrupting the normal transcription of the gene and resulting in an aberrant or absent protein.
A heterozygous MYL9 deletion encompassing the whole exon 4 was previously identified in two individuals out of about 2500 (1000 Genomes Project; evs3645738-https:// www.ncbi.nlm.nih.gov/dbvar/variants/esv3645738/#Varia ntDetails), giving an allele frequency of 1/1250, or a predicted homozygous frequency (q 2 ) of 1/1,562,500. Until now, MYL9 gene was not associated with any human disease neither with any phenotype in animal models. Despite this, disruption of other components of the visceral contractile apparatus that are closely related to MYL9 has been demonstrated in individuals with MMIHS. The first two genes related to this syndrome, ACTG2 [4, 5] and MYH11 [6] , encode the main visceral isoform of actin and the MHC present in smooth muscle, respectively. Two genes associated with MMIHS, more recently-LMOD1 and MYLK, encode a protein involved in the actin polymerization and the enzyme required for phosphorylation of the regulatory MLC coded by MYL9, respectively [7, 8] .
The affected individual evaluated in the present study had the classical findings of MMIHS. She is the second affected child of first cousin parents, and a homozygous deletion identified in MYL9 is compatible with AR inheritance. MYL9 is a gene with a crucial role in smooth muscle contraction and it is closely related to genes previously associated with the MMIHS (ACTG2, MYH11, LMOD1, and MYLK- Fig. 3c ). Beside this, according to different databases (GeneCard-http://www.genecards.org and Expression Atlas-https:// www.ebi.ac.uk/gxa/home), tissues like urinary bladder and colon, clearly affected in MMIHS, have a high mRNA and protein expression level of this gene. Based on these evidences, we suggest that MYL9 is a novel gene associated with AR MMIHS.
In the present study, despite the absence of functional studies, we hypothesize that the homozygous deletion identified in MYL9 disrupts the regulatory MLC expression in the smooth muscle cells and may compromise actin-myosin binding, thereby reducing the contraction of these smooth muscle cells, which would explain the symptoms observed in MMIHS. Additional cases of MMIHS associated with MYL9 should confirm this hypothesis.
Regarding a genotype-phenotype correlation in MMIHS, no distinct clinical features could be associated with the previously reported genes [4] [5] [6] [7] [8] . In order to define a possible clinical correlation in the future, a more precise characterization of the phenotype related to each gene is essential. In this way, we believe that some clinical signs such as mydriasis and vascular abnormalities should be carefully evaluated. Moreover, a more specific phenotypic characterization could highlight interesting points regarding gene expression in smooth muscle cell. Mydriasis, which was also identified in the patient reported here, was previously described in two patients with MMIHS before the first description of molecular etiology associated with this syndrome [14, 15] . Both patients had histological changes ]i also stimulates the contraction by the pathway related to caldesmon, an actin-binding protein (not shown). b The presumed effect in smooth muscle contraction due to deletion in MYL9: the disruption of rMLC caused by deletion impairs the phosphorylation mediated by MLCK, leading to reduced or absent contraction. c The genes and the respective contractile filaments and inheritance patterns related to MMIHS-ACTG2 filamentous actin (F-actin), gamma-2 isoform, MYH11 myosin heavy chain (MHC) 11, MYLK myosin light chain kinase (MLCK), MYL9 regulatory myosin light chain (rMLC), LMOD1 leiomodin 1, an actin-binding protein. *eMLC encoded by MYL6 gene, not related to MMIHS until now, AD autosomal dominant inheritance, AR autosomal recessive inheritance. The information regarding smooth muscle contraction was based on different references [11, [28] [29] [30] suggestive of smooth muscle myopathy and parental consanguinity was described in one of these families [14] . Interestingly, mydriasis was not reported in any of the patients with MMIHS carrying variants in the genes previously related to the disease [3-8, 10, 16-18] . Based on this evidence, we hypothesize that mydriasis could help to distinguish between cases related to MYL9 and other genes, since MYL9 seems to play a role in the smooth muscle contraction of the iris. It is important to note that, until now, there are few reports of individuals with MMIHS and variants in MYH11, LMOD1, and MYLK, making it difficult to evaluate the spectrum of the phenotype associated with variants in these genes. Mydriasis is also a typical sign present in another phenotype of visceral myopathy, the multisystemic smooth muscle dysfunction syndrome (MSMDS), caused by a heterozygous variant in ACTA2 [19] . ACTA2 encodes the vascular actin isoform (alpha 2) [20] . The absence of mydriasis in the ACTG2-related MMIHS and its presence in MSMDS suggests that ACTA2 is the main isoform of actin in the smooth muscle of sphincter pupillae, the muscle located in the iris whose contraction results in miosis [21] . Similarly to mydriasis, vascular involvement is a typical finding in MSMDS [19] , and was not reported in any patient with MMIHS related to ACTG2 [3-8, 10, 16-18] . This difference can be explained by the predominance of the alpha-actin as the main isoform of actin expressed in vascular smooth muscle, while the gamma isoform is a minor component [22] . The vascular involvement remains as a possibility in MMIHS related to genes implicated in the AR forms. Heterozygous loss-offunction variants in MYH11 and MYLK cause aortic dissection [23, 24] and Myh11 −/− mice [25] presented with patent ductus arteriosus. No vascular finding was described in humans with disrupted expression of LMOD1 nor in mice Lmod1 −/− , despite the demonstration of expression of this gene in vascular tissue [7] . Although no significant vascular abnormality has been evidenced in the patient reported here, nor in her brother, it remains a possibility, as MYL9 expression has been demonstrated in vascular smooth muscle [26, 27] . Additional studies are necessary to define a possible vascular manifestation in MMIHS.
In conclusion, the findings reported here support MYL9 as a candidate gene associated with AR form of MMIHS, and expand the etiological spectrum of this syndrome. Since MYL9 encodes a protein essential for the contraction of smooth muscle cells, the present association reinforces the myopathic basis of this condition.
